The temperature (T ) dependent dc conductivity (s DC ) (down to 20 mK) and dielectric function at optical frequencies (0.002 -6 eV) and 6.5 GHz are used to probe the inhomogeneous disorder-driven insulator-metal transition in conducting polymers. A correlation between large low T s DC and the presence to low T of a small fraction of the carrier density delocalized with long transport times (.10 213 s) indicates that metallic s DC is due to only a small fraction of the charge carriers. The achievable s DC for these systems when the entire charge carrier density participates is estimated to surpass that of copper. [S0031-9007(97) The first conducting polymers had modest room temperature (RT) electrical conductivity (s DC ); the T dependence was dominated by variable-range hopping and s DC ! 0 at low T [1, 2] . With improved processing [2], s DC increased appreciably and the strong hopping T dependence was replaced by a much weaker behavior. Indeed, some materials remained metallic even at mK temperatures [3, 4] . However, the inhomogeneous morphology [5] of even the most highly conducting samples leads to disorder-induced localization [2,6-11] and percolation effects [7, 12] dominating the transport. Because high s DC is controlled by only the delocalized carrier density in percolating systems [13] , by determining the volume density and scattering times (t) of the delocalized charge carriers, the intrinsic metallic s DC in conducting polymers can be evaluated. Predictions of anomalously long t in polymer chains [14] imply that s DC higher than that of copper conceivably can be obtained if a sufficient fraction of the charge carrier density is delocalized.
The first conducting polymers had modest room temperature (RT) electrical conductivity (s DC ); the T dependence was dominated by variable-range hopping and s DC ! 0 at low T [1, 2] . With improved processing [2] , s DC increased appreciably and the strong hopping T dependence was replaced by a much weaker behavior. Indeed, some materials remained metallic even at mK temperatures [3, 4] . However, the inhomogeneous morphology [5] of even the most highly conducting samples leads to disorder-induced localization [2, [6] [7] [8] [9] [10] [11] and percolation effects [7, 12] dominating the transport. Because high s DC is controlled by only the delocalized carrier density in percolating systems [13] , by determining the volume density and scattering times (t) of the delocalized charge carriers, the intrinsic metallic s DC in conducting polymers can be evaluated. Predictions of anomalously long t in polymer chains [14] imply that s DC higher than that of copper conceivably can be obtained if a sufficient fraction of the charge carrier density is delocalized.
Doped polyaniline (PAN) and polypyrrole (PPy) are model systems to study the metallic behavior in anisotropic conducting polymers at low T [2] [3] [4] [6] [7] [8] [9] . Previous RT optical studies of metallic PPy [6] and PAN [7] near an insulator-metal transition ( IMT) revealed a negative dielectric function [e͑v͒] in the far infrared at RT, attributed to delocalized carriers with long t (*10 213 s), and an unscreened free carrier plasma frequency V p ϳ 0.1 eV p 4pdne 2 ͞m . Here d is the fraction of the full carrier density n with long t, e is the electronic charge, and m is the effective mass [15] . The large majority of the charge carrier density was strongly localized (t ϳ 10 215 s), with unscreened localized charge plasma frequency V p1 ϳ 2 eV p 4pne 2 ͞m 1 , where m 1 is the averaged carrier effective mass. It is noted that a distribution of scattering times is expected in disordered systems. However, this simplified two-fluid model of delocalized and localized carriers demonstrates the essential physics. This inhomogeneous localization of the carrier density is consistent with percolation of a small fraction of the carriers [6] [7] [8] 12] . It is critical to determine e͑v, T͒ in conjunction with s DC ͑T ͒ to understand both T dependent localization of the free carriers near an IMT and whether the full charge carrier density contributes to high s DC in conducting polymers.
In this Letter, we report the first systematic study of the T dependence of the dielectric function at optical frequencies (2 meV-1 eV) [e͑v͒] and 6.5 GHz (e MW ) combined with measurements of s DC ͑T ͒ (0.02-300 K) as a function of magnetic field for conducting polymers near an IMT. These data support that the IMT in conducting polymers is due to percolation within an inhomogeneously disordered quasi-1D medium [2, 7, 8, 12] . The data demonstrate directly for the first time the relationship between the percolated free carriers and the metallic s DC at ϳmK in conducting polymers. In particular, for conducting PAN and PPy with high s DC down to ϳ20 mK, e͑v, T͒ and e MW ͑T ͒ display a Drude response for a small fraction (ϳ10 23 ) of the full carrier density down to low T (ϳ10 K). In contrast, for samples whose s DC ! 0 at mK temperature, the far ir e͑v͒ and e MW ͑T ͒ cross over from negative (free carrier) at RT to positive (localized) at low T. A lack of T dependence in e͑v͒ and the absorption coefficient [a͑v͒] for the localized majority of carriers (t ϳ 10 215 s) indicates they do not contribute to the high s DC . Since the high s DC is controlled by only a small fraction of the total carrier density, substantial increases are expected with improvements in materials.
The conducting PAN samples were doped with d,1-camphorsulfonic acid (HCSA) and cast as free standing 0031-9007͞97͞78(20)͞3915(4)$10.00films from m-cresol [16, 17] . PAN-CSA samples A and B were doped by first mixing PAN and HCSA powders and then dissolving them in m-cresol while PAN-CSA sample C was prepared by mixing m-cresol solutions of PAN and HCSA. The conducting PPy was doped electrochemically with the hexafluorophosphate anion ͑PF 6 ͒ 2 [18] . The detailed techniques for measuring s DC (4.2-300 K) [8] , e MW ͑T ͒ [8] , and the four probe, low frequency (19 Hz) milliKelvin (mK) s DC [4] were reported earlier. A magnetic field up to 5 T could be applied perpendicular to the plane of the film. The T dependent reflectance was measured using a BOMEM DA3 FTIR spectrometer over 50 10 000 cm 21 and a homebuilt Michelson interferometer [19] over 10 100 cm 21 , both equipped with a continuous flow He cryostat. The high energy (5000 50 000 cm 21 ) reflectance was measured at RT using a Perkin Elmer Lambda 19 UV͞VIS spectrometer equipped with an integrating sphere. The optical dielectric functions were calculated from a Kramers-Kronig analysis [15] , as discussed earlier [6] . To calculate the low T e͑v͒, low T reflectance data were extrapolated to higher energy using the RT reflectance.
On the metallic side of an IMT, s DC is finite [20, 21] has a positive slope [ Fig. 1(b) ]. For PAN-CSA (A), W has a positive slope even at T ϳ mK. Application of a 5 T magnetic field to PAN-CSA (A) increases the mK s DC , similar to reports for PPy-PF 6 [3, 4] , and also increases the slope of the mK W plot. Positive magnetoconductance may be due to the effects of weak localization [20, 21] and/ or enhanced percolation [23] . In contrast, s DC for PAN-CSA (samples B and C) decreases rapidly with decreasing T with negative slope for the low-T W plot (down to 5 K), characteristic of hopping [s DC s 0 exp͑2T 0 ͞T ͒ a [20] , where a ϳ 0.3 and ϳ0.6 for samples B and C, respectively]. For PAN-CSA (B), a crossover in the slope of the low T W plot from negative (insulating) to positive (metallic) with applied magnetic field indicates weak localization effects limit the metallic transport at low T .
The RT e͑v͒ of PPy-PF 6 and PAN-CSA samples A and C (and apparently sample B), Fig. 2 , has three zero crossings [6, 7] . With decreasing energy, e͑v͒ crosses from positive to negative at ϳ1 eV, the screened plasma frequency v p1 ( V p1 ͞ p e C where e C is the core dielectric constant). Because of localization effects [2, 6, 7, 10, 20, 21, 24] , e͑v͒ becomes positive again with decreasing energy. Localization modified Drude model fits indicate a very short "Drude" t for these localized carriers (ϳ10 215 s) [7, 10, 25] . The low energy (below ϳ0.03 eV) zero crossing occurs at
where e BG includes the screening due to localized carriers), below which e͑v͒ increases to large negative values, characteristic of Drude free carriers [15] . v p , Table I , varies approximately with s DC for each sample. Comparison of the 10 K (10 10 000 cm 21 ) and RT e͑v͒ for PPy-PF 6 , Fig. 2(a) , shows no T dependence in the vicinity of v p1 , indicating that the associated carriers are strongly localized (confined) by disorder. However, e͑v͒ for energies less than 0.1 eV (free carrier dispersion) demonstrates T dependent localization effects [as in s DC ͑T ͒] for a fraction of the carriers. Comparison of the RT and 10 K absorption coefficient (a) for PPy-PF 6 , inset Fig. 2(a) , demonstrates additional absorption due to the charge carriers (pinned mode) localized at low T near ϳ0.01 eV. The T independence of a in the 0.1-2 eV range again shows that the strongly localized charge carriers do not contribute to the high s DC ͑T ͒, whereas the weak feature in a near ϳ0.01 eV is evidence that only a small fraction of the carriers contribute to the high s DC . Similar experimental behavior was reported for conducting polyacetylene [26] .
At high frequency (vt . 1), e Drude ͑v͒ e BG 2 V 2 p ͞v 2 [15] . The far ir e͑v͒ are linear versus 1͞v 2 at each T , Fig. 3 , confirming the free carrier behavior and providing V p ͑T ͒ from the slopes, Table I CSA and PPy-PF 6 [6, 7] . It is noted that m may be larger than m 1 due to band narrowing in disordered regions. This small d and e͑v͒ are consistent with metal͞insulator composites above the percolation threshold [7, 13] . Since the negative far ir e͑v͒ for PAN and PPy show no sign of saturation down to 2 meV, as expected for e Drude when vt # 1 [15] , t can be estimated as t . 1͞v 1͑͞2 meV͒ ϳ 5 3 10 213 s. This t is longer than allowed by the Ioffe-Regel condition for Anderson localization [7] . e͑v͒ of metallic PPy-PF 6 and PAN-CSA (A) remains negative in the far ir at low T , Fig. 3 , indicating free carriers are present in samples with high s DC at mK T . However, V p decreases at low T , Table I , consistent with localization of part of the free carrier density at low T , giving rise to a pinned mode as in PPy-PF 6 [ Fig. 2(a) ]. In contrast, e͑v͒ for PAN-CSA (C) [with s DC ! 0 at low T] shows Drude dispersion in the far ir only for T * 150 K. At T ϳ 150 K, e͑v͒ is positive in the far ir, indicating a crossover from free carrier diffusion to localization. Therefore, V p ! 0 at low T for insulating PAN-CSA (C) for which s DC ! 0 at low T . For samples with s DC ͑RT͒ , 10 S͞cm, V p 0 even at RT [7] .
An estimate of the T dependence of t can be made using the simple Drude model at low frequency (vt ø 1) [15] , s DC V 2 p t͞4p, together with the experimental s DC ͑T͒ and V p ͑T ͒ from the optical studies. This analysis ignores the frequency dependence of t including the effects of localization at low frequency [25] . Because localization effects result in a decrease in s DC , this provides a low estimate of t. We obtain t ϳ 0.5 6.6 3 10 213 s, Table I , approximately the same magnitude estimated from the lack of saturation of e͑v͒, suggesting weak localization effects for the delocalized carriers. The t at low T are larger than at RT for both PPy-PF 6 and PAN-CSA. The increase of t at low T is inconsistent with depopulation of extended states with long t near a mobility edge into localized states with short t [20, 21, 24] . However, it could reflect the increased weight of more robust percolation paths with longer t as less robust paths become localized with decreasing T when phononinduced delocalization becomes ineffective [2, [6] [7] [8] 12] .
e MW [inset Fig. 3(b) ] for PPy-PF 6 and PAN-CSA samples (A) and (C) is negative at RT, confirming the Drude response at optical frequencies. e MW for metallic PPy-PF 6 and PAN-CSA (A) remains negative down to ϳ4 K, providing independent confirmation of the presence of free carriers at low T. In contrast, e MW for PAN-CSA (C) decreases in magnitude down to ϳ10 K, where it crosses from negative (free carriers) to positive (localized carriers), confirming the crossover in the far ir e͑v͒ with decreasing T . However, the crossover in e MW occurs at lower T than for e͑v͒, indicating that the zero crossing of e͑v͒ shifts to lower frequencies as T decreases, consistent with V p ! 0 at low T . The presence of free carriers down to low T for PPy-PF 6 and PAN-CSA (A), with large finite s DC down to ϳ mK, in contrast to the absence of free carriers at low T in PAN-CSA (C), which becomes insulating at T ϳ mK, identifies the essential role of percolated free carriers in obtaining a metallic s DC . Potentially large increases in s DC can be obtained with future improvements in processing that increase the fraction of free carriers from d ϳ 10 23 . If the entire carrier density in doped PAN and PPy had a long t $ 10 213 s, conductivities in excess of s DC V 2 p1 t͞4p ϳ ͑2 eV͒ 2 ͑10 213 s͒͞4p $ 10 5 S͞cm would be obtained, comparable with copper. Microwave frequency estimates of t ϳ 10 211 s for some percolated carriers [8] suggest that the intrinsic s DC for conducting polymers may be higher than copper. Recently, s DC has been increased for stretched PAN-CSA to ϳ10 3 S͞cm parallel to the stretch direction [27] . In those stretched PAN-CSA samples, V p parallel to the stretch direction (ϳ0.2 eV) [25] is higher than reported here, confirming that enhanced percolation leads to higher s DC .
In conclusion, our data support that the IMT in conducting polymers results from a percolation of metallic regions in the presence of inhomogeneous disorder. A conducting polymer on the metallic side of the IMT has a finite s DC and also a finite density of percolated free carriers as T ! 0. In contrast, for conducting polymers where s DC ! 0 as T ! 0, V p ! 0 at low T (or even at RT if they have low s DC ). This IMT is not due to a homogeneous decrease of t for samples near an Anderson IMT but rather results from the loss of percolated electronic paths when phonon-induced delocalization becomes negligible. As only a small fraction of charge carriers (d ϳ 10 23 ) have percolated Drude behavior in samples studied, substantial increases in s DC may occur with future improvements in materials.
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